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Highly Conductive, Flexible, Polyurethane-Based Adhesives 
for Flexible and Printed Electronics
 Flexible interconnects are one of the key elements in realizing next-genera-
tion fl exible electronics. While wire bonding interconnection materials are 
being deployed and discussed widely, adhesives to support fl ip-chip and 
surface-mount interconnections are less commonly used and reported. A 
polyurethane (PU)-based electrically conductive adhesive (ECA) is developed 
to meet all the requirements of fl exible interconnects, including an ultralow 
bulk resistivity of  ≈ 1.0  ×  10  − 5   Ω  cm that is maintained during bending, rolling, 
and compressing, good adhesion to various fl exible substrates, and facile 
processing. The PU-ECA enables various interconnection techniques in fl exible 
and printed electronics: it can serve as a die-attach material for fl ip-chip, as 
vertical interconnect access (VIA)-fi lling and polymer bump materials for 3D 
integration, and as a conductive paste for wearable radio-frequency devices. 
  1. Introduction 

 Modern consumer electronics are striving for increased func-
tionality. Mechanical fl exibility becomes an important trend for 
electronics because of the natural integration and increased 
functionality impossible within the confi nes of rigid, planar 
substrates. For example, fl exible electronics enable applications 
where circuits are wrapped conformally around complex shapes 
or rolled up for storage, such as fl exible displays, [  1  ]  fl exible 
and conformal antennas, [  2  ,  3  ]  thin-fi lm transistors, [  4  ,  5  ]  sensors 
arrays, [  6  ]  electronic solar-cell arrays, [  7  ,  8  ]  and fl exible energy-
storage devices. [  9  ,  10  ]  However, fl exible electronics impose strin-
gent requirements for interconnect materials. [  11–14  ]  In addition 
to the conventional functions of providing suffi cient power, 
ground, and signal transmission, interconnects for fl exible 
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electronics are required to maintain excel-
lent mechanical robustness and electrical 
interconnectivity during mechanical 
deformation. 

 While metal wires with elegantly 
designed structures [  13  ,  15–20  ]  and ink-jet 
printed metal patterns [  3  ,  21–23  ]  have been 
demonstrated to wire-bond chips to fl ex-
ible substrates, there are considerably 
fewer reports on adhesive materials to sup-
port the fl ip-chip interconnects or surface-
mount technology (SMT) for fl exible elec-
tronics. Sn-based eutectic solders cannot 
be used in fl exible electronics, because the 
high process temperature will damage the 
fl exible, low-cost substrates such as paper 
and poly(ethylene terephthalate) (PET). 
Conventional epoxy-based electrically conductive adhesives 
(ECAs) suffer from the rigidity while silicone-based ECAs usually 
have limited conductivity (resistivity  >  2.0  ×  10  − 4   Ω  cm). [  24  ,  25  ]  
Therefore, ECAs with high electrical conductivity, low process 
temperature, good mechanical compliance, and strong adhesion 
are needed to enable SMT and fl ip-chip interconnection on fl ex-
ible and low-cost substrates in fl exible electronics. 

 Here, we describe a novel approach to develop polyurethane 
(PU)-based fl exible ECA (PU-ECA) that can meet all of the above 
requirements. By selecting the appropriate resin, the PU-ECA 
exhibits excellent electrical conductivity (resistivity  ≈  1.0  ×  
10  − 5   Ω  cm) and the resistivity does not change when bending at 
a 2.64% fl exural strain, rolling at a radius of 8 mm or pressing 
under 250 kPa. Additionally, the adhesion strength is much better 
than that of a commercial ECA (Abletherm 3188) and pure PU 
resin. The PU-ECA in this study demonstrates many other advan-
tages, including a low curing temperature (150  ° C), which enables 
printing and curing on low-cost fl exible substrates; simple and 
cost-effective processing, by eliminating the use of any expensive 
silver nanoparticles [  26  ,  27  ]  or additives [  28  ,  29  ]  to achieve high electrical 
conductivity; and environmental-friendliness. These excellent 
material properties will be very promising for existing conductive 
adhesive interconnections and emerging fl exible electronics. 

   2. Results and Discussion 

  2.1. Optimization of PU-ECA Formulation 

 The PU-ECA is prepared by a facile process. The PU resin 
used is methylethylketoxime (MEKO)-blocked hexamethylene 
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     Figure  1 .     a) Bulk resistivity of PU ECAs as a function of silver loading for PU resin prepared with PEG of different molecular weights. b) Young’s 
modulus of PU resin prepared with PEG of different molecular weights. c) DSC results of PU resin prepared with PEG of different molecular weights.  
diisocyanate (HDI) cured by poly(ethylene glycol) (PEG). Two 
silver fl akes with different sizes (0.8–2  μ m and 1.9–5.5  μ m, 
respectively) are used because such a bimodal size of fi llers is 
reported to enhance the packing effi ciency and thus decrease 
the viscosity of the paste. [  27  ,  30  ,  31  ]  The optimal chain length of 
PEG is found based on three aspects: the low bulk resistivity 
of the PU-ECA, low Young’s modulus, and low glass-transition 
temperature ( T  g ) of the PU cured with PEG. 

 The bulk resistivity of PU-ECA prepared with PEG of dif-
ferent lengths is shown in  Figure    1  a. The resistivity increases 
with PEG chain length at the same fi ller loading, especially with 
a molecular weight up to 1000 g mol  − 1  (PEG 1000).  

 The Young’s moduli decrease with the increase of PEG 
molecular weight from 200 to 600 g mol  − 1  (Figure  1 b). PEG 
forms the soft segment of the PU resin and an increase of the 
soft segment usually leads to a lower Young’s modulus. How-
ever, the Young’s modulus shows a sudden increase when the 
molecular weight reaches 1000 g mol  − 1 . This is because the 
long PEG segments form crystalline structures, and the melting 
point of the crystallites for PEG with molecular weight of 
1000 g mol  − 1  is around 37  ° C (Figure  1 c). At room temperature, 
the partially crystallized PU thus has a much higher modulus 
than other formulations with amorphous structures do. 

 The DSC results of cured PU with different PEG chain 
lengths are shown in Figure  1 c. PEG with molecular weights 
of 200 g mol  − 1  (PEG 200) and 400 g mol  − 1  (PEG 400) does not 
form crystallites while PEG 400 has a lower  T  g  ( − 25  ° C) than that 
of PEG 200 (6  ° C). The lower  T  g  renders consistent mechanical 
properties in a larger temperature window. Therefore, PEG 400 
is selected in an optimized formulation for PU-ECA.   

 2.2. Properties of PU-ECA 

  2.2.1. Bulk Resistivity and the Conduction Mechanism 

 The bulk resistivity as a function of curing temperature is shown 
in  Figure    2  a and the obtained resistivity can be as low as 1.0  ×  10  − 5  
Ω cm at 80 wt% silver loading when cured at 150  ° C or above. 
The resistivity of PU-ECA (1.0  ×  10  − 5  Ω cm) is one order of 
magnitude smaller than that of silver/polydimethylsiloxane 
(PDMS) [  30  ]  and silver/multiwalled nanotube (MWNT)/PDMS [  28  ]  
composites, 2/3 less than that of silver-MWNT/nitrile butadiene 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
rubber (NBR) composites, [  29  ]  and 1/2 that of epoxy ECA at the 
same process temperature. [  27  ,  31  ]  It is also even lower than the 
reported resistivity of some printed silver-inks. [  3  ,  21  ]  It is noted 
that, in prior studies, these high electrical conductivities are usu-
ally obtained by introducing silver nanoparticles [  26  ,  27  ]  or silver-
nanoparticle-decorated carbon nanotubes (CNTs), [  28  ,  29  ]  because 
these nanoparticles can be sintered at relatively low tempera-
tures ( ≈ 250  ° C or below) to decrease the contact resistance. [  26  ]  
However, the dispersion of metallic nanoparticles into the 
polymer matrix is quite challenging and the cost of nanoparticles 
is still high. In the case of PU-ECA, the ultrahigh electrical con-
ductivity can be achieved simply by optimizing the formulation 
of the PU resin, instead of the use of expensive nanoparticles or 
complex preparation methods. Two possible factors contribute 
to the high conductivity of PU-ECA. The fi rst factor is the sig-
nifi cant shrinkage during curing of PU-ECA, which leads to an 
increased volume percentage of silver after curing. As shown in 
the thermal mechanical analysis (TMA) result (Figure  2 b), the 
PU-ECA experiences signifi cant volume shrinkage from 35  ° C to 
110  ° C. Volume shrinkage during curing was also observed for 
epoxy-based ECA in previous reports while silicone-based ECA 
does not show obvious shrinkage (Supporting Information, 
Figure S1). According to previous studies, [  32  ,  33  ]  such shrinkage 
can generate a compressive force to draw the silver fl akes 
together and decrease the bulk resistivity. Here, the shrinkage of 
the PU matrix reduces the bulk resistivity of the PU-ECA from 
the upper limit of the measurement at 20  ° C to as low as 10  Ω  
at 110  ° C. After reaching 110  ° C, thermal expansion exceeds 
the curing shrinkage while the resistance continues to drop at 
around 140  ° C, indicating that factors other than the matrix 
shrinkage contribute to the improved conductivity at tempera-
tures over 110  ° C. The second possible factor is that the hydroxyl 
groups in the polyether chains can reduce the silver salts on the 
surface of silver fl akes in situ to produce silver nanoparticles, 
which can be sintered during the curing of PU-ECA to form 
metallic bridges between neighboring fl akes. As demonstrated 
by the Raman spectra (Supporting Information, Figure S2), the 
commercial silver fl akes in use are coated with a thin layer of 
silver salts of fatty acids. This insulating layer helps to improve 
the processability but dramatically increases the contact resist-
ance between the silver fi llers inside the ECAs. [  34–36  ]  Polymers 
with hydroxyl groups such as PEG [  37  ]  and poly(vinyl alcohol) [  38  ]  
have been extensively reported to reduce silver salts to silver 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1459–1465
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     Figure  2 .     a) The bulk resistivity of PU-ECA cured at different temperatures as compared with other interconnect materials for fl exible electronics. 
b) The bulk resistance and dimension change of PU-based ECA as a function of temperature. c) DSC results of silver fl akes and silver fl akes with PEG. 
d) The weight loss of untreated and PEG-treated silver fl akes. e) SEM images of untreated and PEG-treated silver fl akes.  
nanoparticles effectively at mild conditions. PEG, used as a 
curing agent in this study, can also serve as a reducing agent 
to reduce silver carboxylate and generate silver nanoparticles 
during curing at 150  ° C. Indeed, the DSC results (Figure  2 c) of 
pure silver fl akes show a small peak at 201  ° C, corresponding 
to the thermal decomposition of the silver carboxylate. [  31  ]  When 
adding PEG to silver, the peak at at 201  ° C in the DSC curve 
disappears; instead, an exothermic peak is observed at 130  ° C, 
indicating the reduction reaction of silver carboxylate by PEG. 
In the thermogravimetric analysis (TGA) tests (Figure  2 d), the 
untreated silver fl akes show a weight loss of 0.20% when heated 
to 450  ° C in a dynamic run due to the decomposition of sur-
factants on the silver fl akes while the PEG-treated silver fl akes 
show a signifi cantly smaller weight loss of 0.10%, implying par-
tial removal of surfactants by PEG. The formation of nanoparti-
cles by a reduction reaction is confi rmed by scanning electronic 
microscopy (SEM). The untreated fl akes show smooth surfaces, 
while, after heating at 150  ° C with PEG for 30 min, the silver 
fl akes clearly show some roughness owing to the growth of 
silver nano-/sub-micrometer-sized particles on their surfaces 
and edges (Figure  2 e). Moreover, these grown sub-micrometer-/
nanosized particles on the silver-fl ake surfaces are sintered, 
forming necking between the silver fl akes. This necking metal-
lically bridges neighboring fl akes and thus signifi cantly reduces 
the contact resistance between the silver fl akes, corresponding 
to the resistance drop at 140  ° C in Figure  2 b. While the reduc-
tion of the silver carboxylate on the silver fl akes by PEG acts 
in a similar way to the introduction of silver nanoparticles or 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1459–1465
silver nanoparticle-decorated CNTs, the silver carboxylate reduc-
tion process is more cost effective and effi cient to improve the 
electrical conductivity.    

 2.2.2. Conductivity Under Mechanical Deformation 

 In addition to a high electrical conductivity in the static state, 
ECAs for fl exible electronics need to maintain their conduc-
tivity under mechanical deformation. The storage modulus 
of a PU-ECA fi lm at 25  ° C is 1098 MPa, as measured using 
a dynamic mechanical analyzer (DMA), indicating a fl exible 
structure.  Figure    3   shows the electrical resistivity change of 
PU-ECA fi lms under various forms of mechanical deforma-
tion. First, the bending deformation of a free-standing PU-ECA 
fi lm is made using a three-point bending fi xture. The resistance 
change is less than 10% when bending at a fl exural strain up to 
2.64%. Moreover, the resistance stays constant even after 1000 
cycles of bending. The same sample was also tested by rolling at 
different radii in a setup similar to that in a previous report. [  29  ]  
The resistance does not change signifi cantly when the radius is 
larger than 7 mm, though the resistivity does increase to 3.3  ×  
10  − 5 , 4.2  ×  10  − 5 , and 6.8  ×  10  − 5  Ω cm when rolling at 7.5, 5, 
and 3.5 mm respectively. The rough surfaces of the silver fl akes 
and the necking between neighboring fl akes from the PEG 
treatment (Figure  2 e) help to maintain the contact between the 
fi llers, and thus the resistivity, during moderate deformation. 
When the deformation increases to a certain level, the resistivity 
increases due to the loss of contact. The increased resistivity in 
1461wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     a) A schematic illustration of the three-point-bending test of the PU-ECA fi lm. b) The electrical resistivity as a functional of fl exural strain. 
c) The electrical resistivity as a function of bending cycle at a fl exural strain of 2.64%. d) A schematic illustration of the rolling test of the PU-ECA fi lm. 
e) The electrical resistivity as a functional of rolling radius. f) The electrical resistivity as a function of rolling cycle at a radius of 8 mm. g) A schematic 
illustration of the high-pressure test of the PU-ECA fi lm. h) The electrical resistivity before and after high-pressure test.  
the rolling test, however, is still lower than that of most silver-
based composites reported. [  21  ,  28  ]  A further cycling test shows that 
the resistivity is invariant after rolling at 8 mm for 1000 times. 
The normal pressure test on the PU-ECA fi lm up to 250 kPa 
exhibits no change in resistivity. It should be noted that the 
thickness of the PU-ECA fi lm tested here is around 360  μ m, 
which is much larger than some previously reported bendable 
conductive materials (60  μ m [  29  ]  and 20  μ m [  3  ] ). In addition, the 
PU-ECA samples tested here are free-standing fi lms while the 
samples tested by Sekitani et al. [  3  ]  and Ma et al. [  29  ]  are printed 
on a fl exible substrate. Since the bending stiffness of a thin 
sheet is proportional to the cube of its thickness, [  39  ]  the PU-ECA 
could have the potential of exhibiting even better fl exibility and 
electrical properties under deformation than the results shown 
in Figure  3 , if the thickness of the samples is decreased.    

 2.2.3. Adhesion Strength 

 The adhesion of PU-ECA to photo-paper, PET, and polyimide 
(PI) substrates was measured by a standard tape test. No notice-
able ECA materials were removed by the tape, indicating good 
adhesion of PU-ECA to these fl exible substrates ( Figure    4  a). 
Moreover, a lap shear test was performed on two Cu strips 
bonded with PU of different silver loadings (Figure 4b). Com-
pared with pure PU, the adhesion strength increases from 
0.12 kg mm  − 2  to 0.14 kg mm  − 2  when the silver loading increases 
to 60 and 70 wt% loading. This increase may result from the 
increased modulus that helps with the interfacial strength. 
When the loading further increased to 80 wt%, the adhesion 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
decreased to 0.125 kg mm  − 2  due to reduced fl owability of the 
ECAs which causes incomplete asperity fi lling on bonding sur-
faces and a loss of contact area by inorganic fi llers (Figure 4c). 
However, this value is still higher than either that of the pure 
PU resin or the commercial PU-based ECA (0.07 kg mm  − 2 , 
labeled 3188).     

 2.3. Demonstration of PU-ECA in Flexible Electronics 

 The PU-ECA in this study meets the requirements of 
interconnect materials in fl exible electronics, such as high elec-
trical conductivity, low process temperature, good mechanical 
compliance, and strong adhesion, which enables PU-ECA to be 
applied in a variety of fl exible electronics.  

 2.3.1. PU-ECA as Interconnection Materials 

 PU-ECA can be used as die-attach materials for fl exible elec-
tronics. Light-emitting-diode (LED) chips were attached to a 
PU-ECA pattern on a photo-paper substrate. The brightness 
of these LED chips was invariant for the fl at ( Figure    5  a), and 
rolling state (Figure  5 b,c, radii  =  18.5 and 15 mm, respectively), 
indicating the excellent adhesion and power transmission of 
the PU-ECA.  

 Furthermore, the PU-ECA can increase the circuit integra-
tion density by providing multiple-layer structures. As shown 
in  Figure    6  a, a three-layer structure is built by drilling a ver-
tical interconnect access (VIA) through the substrate and using 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1459–1465
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     Figure  6 .     a,b) Confi guration (a) and photo (b) of a three-layer structure built by drilling VIAs through each layer and using PU-ECA as  Z -direction 
interconnects. Six LED chips are powered with two in each layer. c) The brightness does not change when the three-layer package is bent.  

     Figure  4 .     a) The adhesion of PU-ECA to different fl exible substrates is investigated using scotch tape. b) Schematic illustration of the lap-shear test. 
c) Lap-shear-test results of PU-ECA with different silver loadings and Abletherm 3188 as a benchmark material.  

     Figure  5 .     a) LED chips are attached to photo-paper substrate by PU-ECA. The brightness of the LED chips does not change when rolling at radius of 
18.5 mm (b) and 15 mm (c).  

Adv. Funct. Mater. 2013, 23, 1459–1465
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     Figure  7 .     a) Flexible antenna made of PU ECA can be printed on bandage and wrapped around a fi nger. b) Testing an antenna on a wrist with a vector 
network analyzer (VNA). c) The  S  11  parameter of the antenna in the frequency range of 0.5 to 2.5 GHz.  
PU-ECA as polymer bumps and VIA-fi lling materials. Each 
layer powers two LED chips. With the 3D structure, six LEDs 
in all three layers can be illuminated to provide more-intense 
light per unit area (Figure  6 b). Additionally, this package can 
withstand a large deformation while maintaining its electrical 
functionality (Figure  6 c).     

 2.3.2. Wearable Antennas 

 The fl exible PU-ECA may also be used as fl exible RF-devices. 
A fl exible antenna is fabricated by stencil printing of PU-ECA 
on various substrates such as photo paper and bandage. As 
shown in  Figure 7   , PU-ECA printed on bandage can be bent 
and twisted without damaging the antenna pattern. From the 
simulation, within the range from 500 MHz to 5 GHz, the reso-
nant frequency of the antenna is around 1.9 GHz. The reso-
nant frequency of a free-standing antenna was measured to 
be 2.01 GHz, while, when the antenna is wrapped around a 
human wrist, the resonant frequency shifts to 1.53 GHz. The 
shift in resonant frequency may result from the infl uence of 
the electromagnetic properties of the human body as well as 
the physical deformation. In both cases, the  S  11  parameter is 
below 10 db, indicating the good performance of the printed 
fl exible antenna.     

 3. Conclusions 

 In summary, the PU-ECA in this study offers a high electrical 
conductivity achieved by the polymer shrinkage and in situ for-
mation of silver nanoparticles. The electrical resistivity reaches 
1.0  ×  10  − 5   Ω  cm and remains stable when bending at 2.64% 
fl exural strain, rolling at a radius of 8 mm or pressing under 
250 kPa. It also has good adhesion to various fl exible substrates 
and Cu surfaces. The combination of these properties will make 
PU-ECA a very promising interconnect material for fl exible and 
printed electronics.   

 4. Experimental Section 
  Synthesis of PU-ECA : PEG (Sigma–Aldrich) was put into a vacuum 

pump for 6 h before mixing with HDI, (Bayer AG) and various amounts 
of silver fl akes (Ferro Corp.). The two sizes of fl akes were added with a 
ratio of 1:1. The mixture was homogenized for 5 min. Then, the paste 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
was kept in a vacuum oven for 12 h to evaporate the solvents from the 
HDI prepolymer before curing. 

 The PEG chain length was optimized for a low modulus, high 
electrical conductivity and low glass-transition temperature. The Young’s 
modulus was measured by tensile testing with an extension rate of 
50 mm min  − 1  (Instron Microtester 5548). The glass-transition 
temperature and crystallization temperature were measured by DSC (TA 
Instrument Q2000). The bulk resistivity measurement is detailed in the 
following characterization section. 

  Characterization : To measure the electrical resistivity, the paste was 
cast in a polytetrafl uoroethylene (Tefl on) mold (22 mm  ×  7 mm  ×  
0.5 mm). After curing at 150  ° C for 1 h, the bulk resistance of the fi lm 
was measured by the four-wire method with a Keithley 2000 multimeter. 
The thickness was measured using a profi lometer (Heidenhain ND 281, 
Germany). The bulk resistivity   ρ   was then calculated by:

 ρ = R wt
l    (1)

where  l ,  w , and  t  are the length, width, and thickness of the fi lm, 
respectively. 

 The Raman spectra of silver fl akes were obtained using a LabRAM 
ARAMIS Raman confocal microscope (HORIBA Jobin–Yvon) equipped 
with a 532 nm diode-pumped solid-state (DPSS) laser. Si wafer was used 
as a substrate. 

 The dimensional change of the PU-ECA paste during thermal cure 
was measured using a TMA instrument with macroexpansion mode (TA 
instruments, Q400). [  33  ]  A small amount of the paste was sandwiched 
between two microscope cover glasses. The sample was cured in the TMA 
instrument and dimensional changes during curing were recorded. The 
static force of the probe was kept at 0.02 N to ensure that the adhesive paste 
was not squeezed out during heating. The heating rate was 5  ° C min  − 1 . 

 Decomposition of the lubricants on the surface of silver fl akes with 
and without PEG was studied by a modulated DSC (TA Instruments, 
Q2000). The heating rate was 1  ° C min  − 1 . 

 PEG-treated silver fl akes were prepared by immersing silver fl akes in 
PEG at 150  ° C for 30 min. The silver fl akes lost their luster after being 
treated. Then PEG and surfactant reduction products were removed by 
adding acetone and centrifuging for fi ve cycles. Finally, the silver fl akes 
were dried in vacuum before SEM observations and TGA tests. The 
morphologies of untreated silver fl akes and silver fl akes treated with 
PEG were observed by fi eld-emission SEM (LEO 1530). The weight loss 
of untreated and PEG-treated silver fl akes during heating was studied by 
TGA (TA Instruments, Q50) at a heating rate of 5  ° C min  − 1 . 

 The storage modulus of the PU-ECA fi lm was measured using a DMA 
(TA Instruments, 2980) in tension mode. The sample was heated from 
0  ° C to 100  ° C at 5  ° C min  − 1  with a constant frequency of 10 Hz. 

 The lap shear test was performed according to ASTM D1002. To 
eliminate the effects of the thickness of adhesives on the adhesion 
strength, [  40  ]  0.5 wt% of glass beads with uniform diameter of 75  μ m 
were added to the adhesives to serve as “spacers”. When applying a 
compression force during the curing of the adhesives, the thickness of 
all the samples was kept around 75  μ m. 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1459–1465
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